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ABSTRACT 

HST images of the young supernova remnant Cas A are used to explore the expansion and spatial distribution of 
its highest velocity debris. ACS/WFC images taken in March and December 2004 with Sloan F625W, F775W, and 
F850LP filters were used to identify 1825 high-velocity, outlying ejecta knots through measured proper motions of 
0'.'35 — 0'/90 yr~^ corresponding to Vtrans = 5500 — 14500 km s~^ assuming d = 3.4 kpc. The distribution of derived 
transverse expansion velocities for these ejecta knots shows a striking bipolar asymmetry with the highest velocity 
knots (Vtrans > 10500 km s^^) confined to nearly opposing northeast and southwest 'jets' at P.A. — 45° — 70° and 
230° — 270°, respectively. The jets have about the same maximum expansion velocity of ~14000 km and appear 
kinematically and chemically distinct in that they are the remnant's only S-rich ejecta with expansion velocities above 
the 10000 — 11000 km s~^ exhibited by outer nitrogen-rich ejecta which otherwise represent the remnant's highest 
velocity debris. In addition, we find significant gaps in the spatial distribution of outlying ejecta in directions which 
are approximately perpendicular to the jets (P.A. — 145° — 200° and 335° — 350°). The remnant's central X-ray point 
source lies some 7" to the southeast of the estimated expansion center (PA = 169° ±8.4°) indicating a projected motion 
toward the middle of the broad southern ejecta knot gap. Extrapolations of measured nine month proper motions for 
all 1825 outer ejecta knots and a selected subsample of 72 bright and compact knots suggest explosion dates (assuming 
no knot deceleration) of 1662 ± 27 and 1672 ± 18, respectively. We find some evidence for non-uniform deceleration 
in different directions around the remnant and find 126 knots located along the northwestern limb among the least 
decelerated ejecta suggesting a convergence date of 1681 ± 19. A remnant age of around 325 yr would imply a ~ 350 
km s~^ transverse velocity for the central X-ray point source. 

Subject headings: ISM: individual (Cassiopeia A) - supernova remnants ISM: kinematics and dynamics 



1. INTRODUCTION 

The relative roles of neutrino heating and bipolar MHD 
jets as the underlying mechanism b ehind core-collapse 
supernovac (SNe) are controversial (j.Ianka et alJ l2003t 
Iwheeler 2003'). However, despite current uncertainties 
about the specific engine that drives core-collapse explo- 
sions, a variety of observations and hydrodynamic mod- 
eling make a compelling case that high-mass SNe are 
intrinsically aspherical events. 

Observations of extragalactic core-collapse SNe show 
increasing late-time linear polarization levels suggest- 
ing that the innermost layers driving the SN expansion 
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are aspherical ("Trammell et al."1993"; 'Wang et al."199 
.2001. Leonard et al. 2000, 2001; Leonard & Filippenk 
120011) . In the case of SN 1987A, spectropolarimetric ob- 
servations and the early detection of gamma-rays and 
hard X-rays indicating the transport of freshly synthe- 
sized ^^Ni from the core to the H-rich envelope lead to a 
model of enve l ope a s ymmetries and eject a fragmentation 
(jArnett et alJ Il989t IChevalier fc Soked 11989). Recent 
Hubble Space Telescope (HST) images of SN 1987A reveal 
an el ongated, axially symmetric remnant ijWang et alJ 
I2OOI . 

State-of-the-art numerical simulations also show that 
spherically syr nmetric core-collapses do not yield success- 
ful explosion s llRampp fc Jankal2000HLiebendorfer et alJ 



20011 120051: iBuras et alJ 120031: iThompson et alJ 12003(1 . 

This has lead some modelers to investigate the ef- 
fects of rapid rotation and magnetic fiel ds leading 
to magnetorotational jet models (Svmbal i^tvl Il984t_ 
Khokhlov et a,].llT999HWheeler et a,].li200a: .Hoflich et alJ 



19991 120011: jAkivama et al.ri2003tl . Others have m- 
vestigated asymmetric neutrino-driven models in or- 
der to gene rate aspherical somet i mes even jet-like SN 
explosions llBurr ows et al l Il995t i Shimizu et al.l 12 0011: 
Kifonidis et al.ll2003t iMadokpro et alJl2004t l.lanka et alJ 

J|2 



Kitorurlis et aLII^(M).^ llVlarlokoro et alJI/!llll4t l.lanka et alJ 
120051 lYamasaki fc Yamadal I2005t IWilson et alJ I2005D . 

Asymmetries in either the neutrino heating or MHD jets 
might also explain pulsar 'kick' velocities (Frver 200-1 
IScheck et al.ll2003lKotake et aljl200l . 

Observations of 'long-duration' gamma-ray bursts 
(GRBs) suggest highly aspherical core-collapse ex- 
plosions. In the popular 'coUapsar' GRB model, 
a high mass core-collapse SN create s a blac k hole 
generating bipolar relativistic jets l)Wooslevl Il993t 
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iMacFadven fc WooslevI IT999t iMacFadven eTall I200H) . 

These jets excite an external shock from which ener- 
getic electrons, created through interaction with the 
ambient medium, radiate synchrotron emission giv- 
ing rise to broadband afterglows. Direct connec- 
tions between SNe and GRBs include the observa- 
tional coincidences between GRBs and SN 1998bw 
and SN 2003dh, 'bumps' in some GRB afterglow 
light-curves consistent with under l ying S N explosions 
iGalama ct al. 1998; Hiorth et al. 200?; 'Stanek et al." 
12003; Mathcs on ct al. 2003; Kawabata ct al. 2003; 
iMalcsani ct al. 120041: iMazzah ct al. 2005), and indica- 
tions that GR Bs are related to sta r forming regions 
l)PaczvnskillT99 8: Fruch ter et 311119991) . 

Compared to SN observations, evidence for aspherical 
SN explosions based on supernova remnant observations 
is much less clear. One of the most often cited asym- 
metrically expanding SNRs is that of Cassiopeia A (Gas 
A), currently the youngest known (~300 yr) Galactic, 
core-collapse remnant. On even the earliest photographic 
plate images, a 'flare' or 'jet' of knots and filaments could 
be seen extending out along the northeast limb about 
3.8^ from the remnant center at a P A ~ 70° (jMinkowskil 
ll968Hvan den Bergh fc Doddlll970(l . Whereas the main 
~2' radius emission ring of ejecta expands at velocities 
4000 — 6000 km s~^, debris in the NE jet have estimated 
velocities more than twice as large, up to 14000 km s~^ 
(iFese n fc GundersonI 119961 iFesenI 120011) . However, both 
the main shell's so-called 'Fast-Moving Knots' (FMKs) 
and NE jet ejecta knots have similar emission line spec- 
tra; namely, strong lines of [S II] AA6716,6731, suggest- 
ing similar chemical make-ups. A southwest 'counterjet' 
of high- velocity, [S I I] emitting ejecta was recently dis- 
covered (l Fesenll200lD a nd confirmed in X-rays and the 
infrared i Hwang et aLll2004t iKrause et alJl2005(l . 

While the presence of a jet and counterjet in this high- 
mass progenitor SNR might indicate an aspherical SN 
expansion, the nature of these jet features is contro- 
versial. Proposed explanations include uneven ejecta 
decelerations due to local ISM density variations and 
cavities (Minkowski 1968; Blondin ct al. 1996, 2001L^ 
bipol ar MHD jets (|Khokhlov et al.h l999: Whcclcr et all 
l2( ^Q2[l ■ or mild ly asymmetri cal neutrino-d riven explosions 
l|.Tanka et 311 12005: Burrow reiTaLl I2005D . Complicating 
matters, the NE and SW jets are not the only outlying 
ejecta around Gas A, with several dozen high-velocity, 
nitro gen-rich knots located in other regions of the rem- 
nant (jFesen. Becker, fc BlaidlT987t lFesenll20?nl) . 

In this paper, we report results from a deep HST 
imaging survey of the Cas A SNR. These images re- 
veal a large population of high-velocity knots of ejecta 
with an asymmetric distribution. A complete catalog of 
outer ejecta knots will b e presented in a separate paper 
l|Hammell fc FesenI I2n06j) . Here we address the overall 
spatial distribution and expansion velocity of the rem- 
nant's outer ejecta and discuss limits on the dynamical 
age of the remnant. The observations and knot flux mea- 
surement procedures are described in §2 and §3, with the 
results presented and discussed in §4 and §5, respectively. 

2. OBSERVATIONS 

High resolution HST images of the Cas A remnant 
were obtained on 4-6 March 2004 and 4-5 Decem- 
ber 2004 using the Wide Field Channel (WFC) of the 



Advanced Camera for Surveys (ACS; iFord et al] 119981: 
IPavlovskv et~ani2f)0l . The ACS/WFC consists of two 
2048 X 4096 CCDs with an average image pixel scale 
of 0'.'05 providing a 202" x 202" field of view. Four 
2-point line dithered images were taken in each of the 
four ACS/WFC Sloan Digital Sky Survey (SDSS) fil- 
ters, namely F450W, F625W, F775W, and F850LP (i.e., 
SDSS g,r,i, and z), at each target position to permit cos- 
mic ray removal, coverage of the 2'.'5 interchip gap, and 
to minimize saturation effects of bright stars in the target 
fields. 

Total integration times in the F450W, F625W, F775W, 
and F850LP fihers were 2000 s, 2400 s, 2000 s, and 2000 
s, respectively. Standard pipeline IRAF/STSDAS" data 
reduction was done including debiasing, flat-fielding, ge- 
ometric distortion corrections, photometric calibrations, 
and cosmic ray and hot pixel removal. The STSDAS 
drizzle task was used to combine exposures in each fil- 
ter. Due to si gnificant reddening toward Cas A (Ay 
= 45 - 8 mag; ^Hurford fc Fes71ll99a IRevnoso fc Go"^ 
120021) . [O HI] AA4959,5007 hue emission was too weak 
to be detected for most outlying knots and we have not 
included F450W images in our analysis. 

We measured outer knot ACS/WFC fluxes from the 
three remaining SDSS filter image sets using the au- 
tomated source extractio n software package SExtractor 
ijBertin fc Arnout^ll996D . In cases where the SExtrac- 
tor program failed to return a reasonable flux or failed 
to return a flux at all, the knot fluxes were calculated 
by hand. In all cases, the fluxes were calculated using 
5 pixel apertures. Background estimates were performed 
by SExtractor using a 24 pixel rectangular annulus about 
the isophotal limits of the object. When fluxes were cal- 
culated manually, background estimation was performed 
by calculating the total 5 pixel aperture flux in at least 
five positions near the object (avoiding other sources) 
and then subtracting the mean computed "background" 
flux from the total object pixel sum. Most knots whose 
fluxes required manual computation were located near a 
bright background source or very close to another ejecta 
knot. 

3. OUTER KNOT IDENTIFICATION AND FLUXES 

High-velocity, outer ejecta knots were identified 
through proper motion measurements on the March and 
December 2004 ACS/WFC images (HammcU fc Fese3 
I2006|) . Ejecta knots were defined as being high-velocity 
if their epoch 2004.3 radial distance exceeded 100" from 
the remnant's center of expansion (Vcxp ~ 5500 km 
s~^) and they s howed a proper motion > 0'.'35 yr~^ (see 
iHammell fcl7sen 2006). 

Following IHammell fc FesenI l|2006j) and iFesen et all 
l|2006|) . we used the filter fluxes to bin outlying ejecta 
knots into three emission classes; namely, strong [N II] 
AA6548,6583 emission knots, strong [O II] AA7319,7330 
emission knots, and strong [S II] AA6716,6731 FMK- 
like knots. Flux ratio criteria between these three 
classes were chosen to segregate knots with similar ra- 

IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which is operated by the Association of Universities for 
Research in Astronomy, Inc. (AURA) under cooperative agreement 
with the National Science Foundation. The Space Telescope Sci- 
ence Data Analysis System (STSDAS) is distributed by the Space 
Telescope Science Institute. 
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tics seen for main shell or outer ejecta knots with ex- 
isting spectroscopic data. For example, outlying ejecta 
knots whose 5000 — 7500 A spectra show largel y just 
[N II] AA6548,6583 emission like those discussed bv lFesenI 
piOlh exhibit F625W/F775W and F625W/F850LP ra- 
tios more than an order of magnitude larger than 
[S II] bright knots. In similar fashion, the newly dis- 
covered outlying 0-rich knots which show a 6000 - 
7500 A s pectrum with str ong [O I] and [O II] line 
emissions ( Fcscn ct al."2006), exhibit the 0/S sensitive 
F775W/F850LP ratio several times greater than even 
strong [O II] AA7319,7330 emission main shell knots. 

Specifically, we chose a flux ratio for F775W/(F625W 
+ F850LP) > 1.0 to separate out the [O II] strong FMKs 
from the [S II] strong FMKs; that is, those knots with 
stronger [O II] AA7319,7330 emission detected via the 
F775W filter than the combined strength of [N II], [S III] 
and [S II] emissions detected in the F625W and F850LP 
filters. 

Similarly, knots with strong [N II] emissions were se- 
lected via F625W/(F775W + F850LP) > 1.0, thereby 
selecting those knots where the combined flux of [O I] 
AA6300,6364, [S II] AA6716,6731, and [N II] AA6548,6583 
emissions was greater than the sum of F775W flux, 
due mostly to [O II], and F850LP flux sensitive to 
the near-infrared [S III] and [S II] emissions. Since 
[O I] AA6300,6364 flux rarely, if ever, exceeds the [O II] 
AA7319,7330 flux, and the observed [S II] AA6716,6731 
emission is unlikely to ever exceed the combined flux of 
[S III] AA9069,9531 plus \S II] AA10287-10370 line emis- 
sions (Hurford & Fcscn 1996; Winkler ct al. 1991), then 
any knot for which the F625W/(F775W -f F850LP) > 
1.0 requires the presence of significant [N II] AA6548,6583 
emission. 

4. RESULTS 

Examination of March and December 2004 ACS/WFC 
images revealed a total of 1825 high proper mo- 
tion {fi > 0'.'35 — 0' .'90 yr~^) ejecta knots around 
the Cas A remnant ijHammell fc FesenI l2006l) . This 
is a much larger population of high-velocity ejecta 
knots than previousl y identified or suspected from 
ground-based images fe amper fc van den Berghl [1971 
iFesen fc Gund^7;^l1996HFesenll200H). A fT^flTof 444 
strong [N II] emission, 192 strong [O II] emission, and 
1189 FMK-like knots were identified. Although nearly 
half of the 1825 cataloged outer knots were found in the 
NE jet, high-velocity outlying ejecta were identified in 
many other regions around the remnant. 

Outlying optical ejecta knots range from 105" to 300" 
in radial distance from the center of expansion, plac- 
ing them in projection close to or outside the remnant's 
~ 6000 km s~^ forward shock front as determined by 
the remnant's outermost X-ray e mission (iGotthelf et all 
l200lUDeLanev fc R,udn'ic3l2003D . The location and dis- 
tribution of these knots with respect to the remnant's 
outer X-ray emission filaments associated with the for- 
ward shock front can be seen in Figure 1. Here we show 
the locations of all 1825 cataloged outer knots projected 
onto the 1 Msec C handra ACIS image (epoch 2004.3; 
iHwang et al.l l2(K)3) . Knot positions are marked with 
open circles color coded either red, green, or blue to indi- 
cate those knots with spectra dominated by strong [N II] 
AA6548,6583, [O II] AA7319,7330, or [S II] AA6716,6731 



line emissions, respectively. 

The transverse expansion velocities of Cas A's outer- 
most ejecta (Fig. 1) show a strongly aspherical structure 
due principally to the NE and SW jets which appear as 
distinct and roughly opposing features; NE jet: P.A. = 
45° - 70°, SW jet: P.A. = 230° - 270°. The jets have 
similar maximum radial distances and proper motion de- 
rived expansion velocities; namely r = 290" — 300" and 
V = 14000 km s~^. They also contain the remnant's 
highest velocity [S II] emitting ejecta (the blue open cir- 
cles in Fig. 1). This is in contrast to other regions where 
the nitrogen-rich ejecta (open red circles) represent the 
remnant's highest velocity debris (10000 — 11000 km s~^) 
followed by the -rich ejecta, and then the S-rich knots 
(^Fesen et al.'2006). 

Examination of the HST images also revealed a lack of 
outlying ejecta knots along the remnant's northern and 
southern regions. Not a single ejecta knot could be found 
along a 55° wide region in position angle along the rem- 
nant's southern limb (i.e., PA = 145° — 200°) and in a 
narrower 15° position angle zone along the north (PA = 
335° — 350°). The northern gap would actually be larger 
if one only considered knots with radial distances greater 
than 180" in which case the northern gap size grows to 
- 35° in position angle (PA = 327° - 3°). We note that, 
unlike for the northern limb region, ACS images did not 
completely cover the whole southern limb region imaging 
only out to a distance of 180" due south of the center of 
expansion. However, inspection of ground-based images 
covering regions farther to the south 200") revealed 
no bright farther outlying knots. Thus, despite miss- 
ing ACS/WFC coverage along the south, the lack of any 
knots at smaller distances like those seen along the cast 
and west edges of the southern gap (r = 150" — 185") in- 
dicate a strong likelihood that there are simply no bright, 
high- velocity ejecta knots in either of the NNW and SSE 
directions. 

This NE~SW jet/counterjet and NNW-SSE gap asym- 
metry in the distribution of the remnant's outer optical 
ejecta knots can be clearly seen in the proper motion 
plots of Figure 2. In the top panel, we plot the extrap- 
olated 320 yr proper motion paths for the 1825 identi- 
fied outer knots based on measured March to December 
2004 positions. The central white circle has a radius of 
5" centered on the remnant's estimated center of expan- 
sion (COE; a(J2 q00) = 23''23°'27^77 ± 0^ 05, (5(J2000) = 
58°48^49"4±0"4: lThorstensen et al.'2001). Although er- 
rors in derived knot proper motions lead to some knot 
trajectories missing the expansion center by substantial 
distances filling in somewhat the northern and southern 
gaps, a strongly aspherical distribution of ejecta jets and 
gaps is readily apparent. 

When the proper motion extrapolations are replaced 
with predicted knot proper motions based solely on 
March 2004 knot positions and the COE, a structure of 
opposing jet features and north and south gaps appears 
even more striking (Fig. 2, bottom panel). The circle in 
the figure marks a radial distance of 200" from the COE 
corresponding to a proper motion of 0"625 yr^^ for an 
age of 320 years and an implied ^10,000 km s~^ trans- 
verse velocity assuming a remnant distance of 3.4 kpc. 
As can be seen from the figure, this circle encompasses 
nearly all the remnant's N-rich outer ejecta away from 
the jet regions. 
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Peak NE and SW jet optical knot transverse veloci- 
ties lie at PA = 60° - 61° and at PA = 238° - 243°, 
respectively, i.e., ~180° apart. These position angles are 
close to those seen also in the X-rays and infrared for 
the NE a nd SW jets. That is, from the 1 Ms Chan- 
dra (..Hw ang et al.l 120041) and 24 micron Spitzer images 
ijKrause et al.ll2005(l . we find PA = 63°-65° for the cen- 
ter of the NE jet and PA = 246°-248° for the center 
of the SW jet, some 183° apart. While the significance 
of the northern and southern gaps in the distribution of 
the outer knots is uncertain (see below), they are situ- 
ated roughly orthogonal to this NE-SW jet alignment 
line. The middles of the southern and northern outer 
knot gaps lie at PA = 170° and 342° respectively, some 
107° and 99° off from a 63°-243° alignment hne. 

Lastly, extrapolated late 17th century knot positions 
relative to the remnant's estimated COE indicates some 
evidence for non-uniform deceleration around the rem- 
nant. Figure 3 (left panel) sho ws the estimated positions 
for all 1825 outer knots for the lThorstensen et al." (2001") 
estimated convergent year 1671. The estimated COE is 
marked by the circle (radius = 5"). Here, one sees that 
the scatter of points for the outer knot s is significantly 
away from the lThorstensen et al.l l|200H) center, centered 
instead 3'.'4 to the east. (Note: A check using the same 17 
outer knots employed by Thorstcnscn et al. (2001) using 
the new ACS images together with archival images agree 
with their derived COE.) One possible cause for this shift 
eastward is a greater deceleration of knots along different 
regions around the remnant, particularly along the east- 
ern limb, giving rise to broader and slower average expan- 
sion velocities for a given radial distance and look-back 
time. A different shift off from the COE is seen when 
plotting just northern and southern knots (Fig. 3; right 
panel). For 416 north and south knots, the shift from the 
COE shows an even greater displacement, namely 5'.'2 to 
the southeast. 

5. DISCUSSION 

Although optical debris may constitute only a small 
fraction of the total ejected mass, Cas A's fastest mov- 
ing material is perhaps best studied optically. For ex- 
ample, optical emission from the NE and SW jets can 
be tra ced about 80" farther out than in X-r ays or in- 
frared fHwanef et aLll200l iKrause et af]l200l and only 
a handful of outer optical ejecta knots around the rest 
of the remnant are detected in even the deepest radio or 
X-ray images. 

Fragmentation of SN ejecta into dense clumps may 
come about by Rayleigh- Taylor instabilities brought on 
by the deceleration of the ejecta by the ambient medium 
p'lirili'lQT',^ I.Tones etlih 1994: Jun ct al. 1996), passage 
of the reverse shock ijHerant fc Wooslev 1994). or in- 
side t he progenitor during the SN explosion ijchevalieil 
IT9751 IChevaher KleinlfigTl . Optical emission will 
arise when '^lOO km internal shocks are formed in 
the chimps driven by the high stagnation pressure be- 
h ind the clump's b ow shock. 

iHamiltoiil |)198,'tD studied similarity solutions for SN 
blast waves driven by clumpy ejecta and found that such 
clumps will eventually move ahead of a remnant's for- 
ward shock front. He concluded that this process may 
be a generic feature of SNRs with clumped ejecta. The 
presence of numerous dense and relatively cool optically 



emitting, high- velocity ejecta knots out ahead of Cas A's 
forward shock front supports Hamilton's basic results. 
Namely, we find a significant number of optical outer 
ejecta knots lying (in projection) outside the faint X- 
ray emitting filaments marking th e current location of 
the remnant's forward bla st wave llCot.t.helf et a].ll200T]: 
iDeLanev fc Rudnickll200^ . 

5.1. Asymmetrical Expansion 

Asymmetries in Cas A's outermost debris may offer 
clues as to the nature of the SN explosion engine. What 
one observes at a particular epoch, however, may not nec- 
essarily reflect the SN's true explosion dynamics. Ejecta 
velocities will be modified (to varying degrees) by pas- 
sage through the ambient medium as ejecta knots are 
only made optically visible due to this interaction, and 
more knots will be visible in regions where there is more 
circumstellar material. 

The detected distribution can also change with time 
since some 10-20% of outer optical knots vary signif- 
icantly in brightness over just a few years due pre- 
sumably to variable int eraction with a clumpy CSM 
ijHammell fc Fesenll2006D . In addition, for a knot to be 
visible it must be sufficiently large and dense to generate 
detectable forbidden line emission. It must also survive 
disruption via mass ablation from Kelvin-Helmhotz in- 
stabilities during passage through the reverse shock, for- 
ward shock, and the surrounding ambient medium. Con- 
sequently, what one sees can be a distorted and biased 
view of the true distribution of a remnant's outer debris. 

Nonetheless, even with all these caveats, the asymme- 
try and non- uniformity of the remnant's outermost opti- 
cal ejecta as seen in the plots of Figure 2 is striking. The 
NE and SW jets extend out to nearly 300", more than 
twice the radius of the remnant's main emission shell, 
and lie on virtually opposite sides of the remnant's cen- 
ter of expansion. The jets also appear to lie roughly in 
the plane of the sky to w i thin ~ 30° jMinkowskil 119681: 
iFesen fc GundersonI [1991 lFesenll2001() . This combina- 
tion of an opposing, sulfur-rich jet/counterjet structure 
with similar maximum expansion velocities plus gaps of 
high- velocity ejecta aligned roughly perpendicular is sug- 
gestive of an aspher ical, bipolar expansio n. 

From 2-D models. ISlondin et al.ll|1996^ calculated that 
a progenitor's axisymmetric wind structure, where the 
highest density lay in the equatorial plane, could gener- 
ate bipolar protrusions of SN ejecta extending 2 — 4 times 
the radius of the main shell. The relative scale of such 
expansion asymmetry is not unlike that seen in the Cas A 
jets and only a mild asymmetry {p^/pp 2) is needed 
to form obvious protrusions. While significant heavy ele- 
ment material can end up at much larger radial distances 
than elsewhere, the original progenitor chemical layering 
should largely persist within the protrusion. That is, 
the highest velocity material should mainly exhibit the 
chemical abundances of the progenitor's outermost lay- 
ers, namely N, He, and O. However, just the opposite is 
observed. The farther out one goes in either of Cas A's 
jets, the weake r oxvgen emission lines become relative to 
those of sulfur ( Ivan den Berghll971t iFesen fc GundersonI 
1996; Fesen 200^. 

The fact that one sees largely undecele rated ejecta 
throughout the remnant with v oc r (see IFesen et alJ 
12006ft indicates that the observed compositional struc- 
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ture is set early in the explosion. In addition, outside of 
the jet regions, the S-rich material has a much more lim- 
ited velocity range. All this suggests that the S-rich NE 
jet, rather than reflecting some sort of turbulent mixing 
region or a rapid expansion into surrounding ISM/CSM 
due to a lower surrounding density, more likely represents 
a true stream of high-speed ejecta formed when under- 
lying material was ejected up through the star's outer 
layers. 

Other observational evidence in favor of an ejection of 
underlying material comes from the location of the so- 
called 'mixed ejecta knots' and from energy estimates 
in the jet region. Mixed ejecta knots show both ni- 
trogen and sulfur overabundances, which could have 
resulted from turbulent mixing of H and N-rich lay- 
ers with underlying S and 0-rich layers, are on l y see n 
in the jet regions ijFesen fc Becked I199H iFesed \2001\} . 
The ACS/WFC images show that many of the mixed 
knots are not the result of line-of-sight superposition of 
knots with different chemical make-up but appear to be 
ejecta with mixed chemical properties ( HammcU & FcseiJ 
I2OO6). In addition, from an a nalysis of Chandra X-ray 
data, iLaming fc Hwanel 1)200,*^ found a shallower outer 
envelope near the base of the NE jet which they inter- 
preted as indicating more of the initial explosion's energy 
being directed in this polar direction as opposed to equa- 
torial. On the other hand, however, while the prominent 
shell rupture near the base of the NE jet seen in X-rays 
and radio image s might be seen as suppor ting evidence 
for this picture l|Fesen fc GundersonlllQQfit) . there is no 
obvious main shell rupture near the SW counterjet. 

5.2. Jet /Counterjet: MHD or Neutrino Driven? 

Although our HST survey of the highest- velocity ejecta 
in Cas A makes a compelling case for a high-velocity 
bipolar expansion, what the jets and gaps are telling us 
about the underlying core-collapse mechanism is unclear. 

Currently, there is no consensus as to the details of the 
explosion process for core-collapse SNe except that mod- 
els with completely spherical neutrino heating mecha- 
nisms fail to yield successful exp l osions iH ^^mPD fc Janka 
20001: iLiebendorfer et all 120011 120051 iThompson et all 



2003 ). This has led to considerable effort to understand- 



ing the effects of rotation on neutrino heating and the 
importance of magnetic fields in the proto-neutron star. 

Around the rotation axis of a collapsing star, ac- 
cretion flow will be non-spherical and accelerated 
the reby lowering the needed c ritical neutrino luminos- 
ity ijYamasaki fc Yamadall2005|) . The degree of neutrino 
re-vitalization of the shock front created by the core- 
bounce may also be affected by convection in the proto- 
neutron star through the mechanical outward transfer of 
neutrinos. Investigations into the effects of rotation on 
the anisotropic neutrino emission from the proto-neutron 
star indicate a weakening of the core bounce that seeds 
the neutrino-drive convection, with angular momentum 
tending to stabilize the core, constraining convection to 
the p olar regions (jFrver fc Heged 120001 iBurrows et al.l 
12004ft . Models of anisotropic neutrino radiation indi- 
cate more powerful explosions are generated, whic h then 
lead to a prolate exp ansio n geometry ( Shimizi^^Ml 
220T; 'Madokoro et al. 200^, I200I iWilson et alJ I2005D . 
Walder et al... 1,2005 ) found the bipolar expansion was not 
strongly coUimated 30° —60°) unless the rotation rate 



was large. 

■ : Cas A. lBurrows et alJ l|2004l2005D favored a rota- 
tion enhanced, neutrino-driven model in which the X-ray 
observed Fe-rich SE and NW regions, and not the NE and 
SW jet/counterjet, mark the progenitor's rotation axis. 
Instead of driving the explosion, the NE~SW jets would 
have formed following the neutrino-driven main explo- 
sion via an under-energetic jet-like ejection created by an 
MHD jet or proto-neutron s tar wind (possibly associated 
with accretion by the NS; Janka ct al. 2005) emerging 
into an already expanding debris field. But this model re- 
quires a nearly 90° post-explosion precess ion of the NS's 
rotation axis from NW-SE to NE-SW l|Burrows et alJ 
i004, 20055, the cause of which is left unexplained. 

On the other hand, models of magnetorotationally in- 
duced jets capable of generating SN explosions have also 
been i nvoked to expl ain the Cas A jets ( Khokhlovet^Ll 
19991 IWheeler et al.| 1200(1 l2(ffll: lAkivama et all 120031: 



^ikiwakret'^Lri2004 L In this view, rotation leads to 



magnetic field amplification thereby generating non- 
relativistic axial jets of MHD energy xq^-'^"^^ erg which 
then initiate a bipolar supernova explosion. This is 
somewhat analogous to the narrow relativistic jets pro- 
posed i n the collapsar model as the central engine for 
GRBs. iKifonidis etal\ l)2003» questioned the accuracy 
of anisotropic jet explosion simulations and Janka ct al] 
( 2005) argue that if the Cas A jets were driven by out- 
flowing core material they should be Fe-rich instead of 
the S and Si rich material observed. 

If Cas A's NE and SW jets were driven by Ni-rich 
material, the energy deposited by radioactive ^^Ni de- 
cay might have created hot, low density Ni-rich bubbles. 
This could make Fe-rich material in the jets today too 
cool for detection in X-rays while also being too diffuse 
and low density to detect as optically bright knots. Fur- 
thermore, while both the NE and SW jets can be traced 
farthest out in the optical, optical studies have never de- 
tected appreciable Fe-rich material anywhere in Cas A. 
Optical Fe line emissions are weak and hard to detect in 
even the brightest main shell knots and there is no op- 
tical Fe-rich material seen corresponding to the Fe-rich 
SE and N regions observed in the X-ravs llWinkler et alJ 
179911 IReed etTIirmQRl: iHurford fc Fes^ll 99tit> . 

Morphologically, both MHD jet and neutrino-driven 
expansion models produce aspherical 'jets' with axial 
expansion ratios around 2 like those seen for Cas A 
lIKhokhlov et alJ 1799^ IKotake et abl I200I. Although 
much of the NE jet's central and farthest extending line 
of optical fllaments lie virtually in the plan e of the sky 
lIMinkowskilll 96aiFeseTi fc CundersonllTgga. knots lying 
at a projected radial distance of 150-170 arcsec out from 
the COE show radial velocities from -3000 to -1-5000 
km s~^, indicating an exp ansion cone about 25° wide 
l|Fesen fc Gundersonll 19961) . This means that the NE jet 
is more like a fan of several streams of ejecta knots (rather 
than a single narrow jet), about as deep as it appears 
wide, i.e., about 25° — 35°. This is consistent with 
their appearance on X-ray and infrared images which 
show both jets as two or three ejecta streams rather than 
one single narrowly focused line of emission. For exam- 
ple, there are three main optical lines of knots in the NE 
jet which correlate with X-ray and IR emission fingers. 
Although the SW jet is optically much less well-defined, 
the locations of the outermost [S II] emitting ejecta cor- 
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relate reasonably well with the X-ray and IR emission 
'fingers'. 

Beside the jets, a possible additional clue as to the na- 
ture of the central core-collapse SN engine may be the 
absence of high-speed ejecta along the north and south 
limbs. Not all proposed core-collapse models show a pro- 
nounced decrease in outermost expansion velocity sug- 
gested by the nearly opposing ejecta gaps revealed in the 
HST data (Fig. 2). However, similar gaps in the distri- 
bution of slower moving ejecta are not found in the rem- 
nant's main emission ring of reverse shocked debris based 
on radio. X-ray, and optical maps. While the remnant's 
forward shock shows no decrease in these directions as 
one might expect if the expansion velocity was signifi- 
cantly lower in these northern and southern gap regions 
IGotthelf et al.ll20(il . a gap in the forward shock front 
would be rapidly filled by the blast wave advancing in 
from the sides. Thus, while the north and south ejecta 
gaps are interesting especially given their positions rela- 
tive to the jets, their meaning is presently unclear. Nev- 
ertheless, if these gaps are truly found to be areas devoid 
of high-speed ejecta seen elsewhere around the remnant 
and orthogonal to the NE/SW jets they may provide 
some insight for testing core-collapse models. 

5.3. Motion of Central X-ray Point Source 

First-light images of Gas A taken by the Chandra X- 
ray Observatory reveale d a central X-ray point source 
(XPS) in the remnant ijTananbaumI Il999() . Although 
its nature is uncertain, this object is likely to be a 
neutron star but not a pulsar due to a lack of ra- 
dio pulsations, no detected X-ray or radio plerion, and 
an X-ray spectruni too steep for an ordinary pulsar 
ijPavlov et al.l 120001) . It has been suggested that it 
may be a younger and less luminous example of a 
subclass of neutron stars known as anomalous X-ray 
pulsars (AXPs) and soft gamma-ray repeaters (SGRs) 
ilGhakrabartv et a .1 I200H iM ereghetti. Tiengo. fc IsraeJ 
2002HPavlov et al.l2002l:lRoth schild & Lingenfeher 2003; 
Pavlov et all 120041 iFesen. Pavlov, fc Sanwall 12006^1 . X- 
ray emission bursts from AXPs and SGRs together with 
their spin-down rates have been explained by a magnetar 
model in which a neutron star has a much higher sur- 
face magnetic field of 10^"^ — 10^^ G than ordinary pul- 
sars llDuncan fc ThomDSOi]lll992t iThompson fc Duncanl 
Il996|) . Except for a lack of pulsations, the general 
properties of the Gas A XPS and other X-ray emitting 
but radio quiet compact central objects in fairly young 
SNRs are not all that dissimilar from AXPs and SGRs 
ijPavlov et al.ll200l iFesen. Pavlov, fc Sanwaf '200^1. 

Gore-collapse asymmetries in the SN explosion might 
help explain the inferred high space velocities (200 — 
500 k m s~^ or more) for neutron stars and radio pul- 
sars llLvne fc Lorimed IT991 iGordes fc Ghernofil IT991 
iBrisken et''aLn200.lD . Although 3D core-collapse mod- 
els suggest neutrino asymmetries as well as disruption 
of binaries by symmetric explosions may be insufhcient 
to genera te the wide range of ob s erved 'kick ' pulsar 
velocities lIGordes fc GhernofillT99Sl IFV^I2001 . MHD 
driven explosion s cre ating unbalanced jets just might 
fChokhlov et aI] IT999t) . 

However, the motion of the remnant's XPS is far from 
being in alignment with Gas A's NE-SW jets. Using the 
initial Chandra derived position along with subsequent 



positional measure ments using archiva l ROSAT and Ein- 
stein i mage data llAschenbachI Il999t iPavlov fc ZavlinI 
Il999|) . iThorstensen et alJ 1)2001^ estimated a 6'.'6 dis- 
placement of the XPS from their derived center of 
expansion. Assuming a common origin for the XPS 
and the expanding ejecta, they estimated a transverse 
velocity of Ri330 km s~^ for a distance of 3.4 kpc. 
Adopting an updated position of the XPS (2004 epoch; 
^sen. Pavlov, fc Sanwal 2006), t he dis placement of the 
XPS from the Thorstcn sen et al.^ (2001) remnant expan- 
sion center is 7'.'0±0'.'8 with an implied motion in a south- 
easterly direction (position angle = 169"^ ± 8.4°; see Fig. 
4, left panel). Assuming a current remnant age ~ 325 yr 
(see discussion in §5.4), we find a slightly higher trans- 
verse velocity of around 350 km s^^ for a distance of 3.4 
kpc. 

The apparent southernly direction of motion for the 
XPS is roughly orthogonal to the jet-counterjet align- 
ment line, making an asymmetric jet-induced 'kick' ex- 
planation problematic. Interestingly however, the pro- 
jected motion of the XPS is toward the middle of the 
broad southern gap in the distribution of the outer ejecta 
knots (Fig. 4; right panel). If the distribution of the op- 
tically emitting outer ejecta knots is giving us a true 
picture of the asymmetry in the Gas A supernova ex- 
pansion, then the neutron star's preference to move in a 
direction lacking in high velocity material may indicate a 
natal kick aligned with the progenitor's slowest velocity 
e xpansion, possibly the progeii itor's equatorial region. 

iD^mcan fc ThomDSonI l)1992D and lArras fc Lail ljl999D 
have proposed that magnetars could receive natal kicks 
in part due to their intense magnetic fields which could 
lead to anisotropic neutrino emissions. However, unlike 
the case seen here for Gas A, these kicks would be in 
the direction of the rotation axis - which the NE-SW 
jets would seem to mark. While some misalignments be- 
tween the progenitor's spin axis and a neutron star's ve - 
locity vector have been reported l|Hughes fc BaileJl999(l . 
including the high ve locity pul sar B1508-I-55 (Vtrans 
~ 1100 km s~^; iGhatteriee et al.i i2005). there is not 
strong observational evi dence for general misalignments 
ijPeshpande et al.lll999D . Moreover, although some bi- 
nary disruption type models have been proposed to ex- 
plain natal kicks perpendicular to the sp in axis (e.g., 
iWex et al]l2000l:IColpi fc Wassermanl2002D . no clear pic- 
ture has emerged on how such a misalignment would be 
produced or even whether such models apply to the case 
of Gas A. 

5.4. Dynamical Age Estimates for Cas A 

Although only nine months separated the two sets of 
AGS/WFG images, the large number of outer knots iden- 
tified (1825) permitted us to estimate the dynamical 
age of the Gas A SNR. Assuming the GOE derived by 
IThorstensen et ahl J2001") and no knot deceleration since 
the time of the explosion, we show in Figure 5 (left panel) 
the estimated arrival date of the 1825 cataloged outly- 
ing ejecta knots to within the minimum least squared 
distance to the G OE plotted versus catalog ed knot iden- 
tification number l)Hammell fc Fesenll2006j) . In this fig- 
ure, symbol size is inversely proportional to estimated 
proper motion uncertainty. Knot catalog IDs are in or- 
der of increasing position angle with the NE jet knots (ID 
numbers ~ 100 - 950) making up a substantial fraction 
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(~45%) of the 1825 cataloged knots. 

The dispersion in estimated knot convergent dates is 
not uniform as a function of position angle. For exam- 
ple, for the middle section of the NE jet where many of 
the fastest ejecta are found (i.e., Knot IDs 350 — 550), 
a decrease in the range of estimated knot arrival dates 
can be seen in Figure 5 (left panel). This decrease re- 
flects more accurate proper motion values due mainly to 
the larger radial distances for jet knots from the COE 
and consequently larger proper motion values leading to 
smaller percentage measurement errors. 

5.4.1. Age Estimates Assuming No Knot Deceleration 

The average arrival date for the 1825 outer knots with 
undecelerated extrapolated arrival dates between 1580 
and 1750 is 1662±27 yr. This is consistent with that es- 
timated by Thorstcnscn ct al. ( 2001) who found an unde- 
celerated convergent date of 1671. 3±0. 9 based on a sam- 
ple of 17 especially long-lasting knots for which archival 
imaging data were available covering a time span of up 
to 50 years. Because the catalog of 1825 outer knots cov- 
ered a wide range of sizes and brightnesses leading to a 
range of proper motion measurement errors, we exam- 
ined a much smaller, hand-selected sample of 72 knots 
which are: i) relatively bright, and ii) compact in size 
or unresolved in the ACS/WFC images. This sample 
includ ed the 17 outer knots used by Thorstcnscn ct al. 
()2001|) for their estimated convergent date. The results 
for this smaller sample, shown in Figure 5 (right panel), 
indicate a convergent date 1671.8 ± 17.9, in excellent 
agreement with the Thorstensen et al. 1671 date, shown 
here as a vertical dashed line. 

5.4.2. Knot Deceleration 

While ejecta knots must undergo shock heating and 
hence some deceleration in order to be optically visi- 
ble, the least decelerated ones offer stronger upper limits 
to the remnant's age. As seen in Figure 5, the region 
near the top of the left-hand plot, i.e., knot IDs from 
1690 — 1815 corresponding to position angles 275° — 315° 
respectively, show displacements toward a convergent 
date later than 1671, namely 1680.5 ± 18.7. These 126 
knots are located along the remnant's northwest limb and 
can be seen in the bottom panel of Figure 2 as cluster of 
NW knots. 

If we knew the degree of deceleration these northwest- 
ern limb knots might have experienced over the ~300 yr 
age of the remnant, it would give us a better estimate 
of the remnant's age and therefore the actual Cas A SN 
explosion date. For example, if knot decelerations were 
significant then one might be able to rule out on dy- 
namical grounds a proposed but controversial sighting of 
the Cas A SN by Rev. John Flamsteed in August 1680 
llAshworthlllMil: iStenhenson & rxreenll200 ^ . 

A knot will undergo deceleration both from the direct 
interaction with local gas as well as from the internal 
shock driven into the knot that gi ves rise to the opti- 
cal emission observed l).Tones et al.l ll994'). If treated as 
a dense undistorted clump, a knot's deceleration due to 
drag from its interaction with the ambient medium de- 
pends on knot velocity and mass, the density of the local 
medium, and the cross-sectional area of the knot's bow 
shock which for hypersonic conditions is approximately 



equal to the knot itself l|Chevalieilll975t lHamiltonlll985t 
IJones et ahllTool. 

The timescale for knot deceleration (drag) is given by 
Tdrag ~ X^k /^k where X is the density contrast between 
the knot and the ambient medium (i.e., Pkl P n), Rk is the 
knot's radius, and Vk is the knot's velocity ij.Tones et alJ 
[199^ . Based on our ACS imaging data, typical outer 
knots have velocities of 10,000 km s~^ and sizes R ~ O'.'l 
corresponding to 0.002 pc at 3.4 kpc. High- velocity out- 
lying [S II] emitting knot electron densities lie between 
2000 - 16,000 c m~^ with typical va lues between 4000 
- 10,000 cm-3 l|Fesen fc Gundersonl il996: Fesen 2001). 
The ambient density around Cas A is not well deter- 
mined but is estimated to range between 0.4 - 3.7 cm"'^ 
llBraunlll987l) . 

Choosing a x = 10^ and an outer ejecta knot velocity 
of 10,000 km s~^ leads to Tdrag ^ 2000 yr, suggesting 
that outer knot deceleration due to drag may be fairly 
small at present. This conclusion is consistent with a lack 
of detectable knot deceleration over the last 5 yr and a 
veloc ity change of < 5% over 300 yr ( Thorst ensen et all 
120011) . While model simulations suggest that shocked 
clumps become flattened (i.e., laterally spread) which 
would increase their cross section and hence enhance the 
deceleration, radiative cooling might partially counter- 
act this effect leading to clump breakup into a cluster of 
smaller, denser knots. 

Cloud-ISM interaction models suggest knot disruption 
might also occur due to Rayleigh- Taylor and Kelvin- 
Helmholtz instabilities, again resulting in the gener- 
ation of smaller, dens e knot fra gments (Klein ctaQ 
[19941: iJones et a l. 1994; Cid-Fernandes et al. 1996). The 
timescale for initial knot breakup under these conditions, 
Tfc, is uncertain but is like ly to be a fe w 'cloud crushing 
times' ()Klein et alJ 119901: IJones et alJ 11994(1 or rb - 4 
X^^^Rk/vk- For the knot numbers assumed above, the 
disruption timescale is ~ 50 yr, meaning the remnant's 
highest- velocity ejecta clumps might well have already 
undergone breakup into denser knots. Thus, both radia- 
tive cooling effects and dynamical instabilities might help 
explain the observed small-scale clu stering of some of 
the r emnant's outer ejecta knots (see iHammell fc FeserJ 

Knot deceleration from internal shock passage will 
cause the largest error in convergent date if it has oc- 
curred recently, and given the ^ 20 — 30 year lifetimes of 
most optical knots in Cas A ((Kamper fc van den Berghl 
Il976(l . this is probably the case. The effective shock 
deceleration is equal to th e internal knot shock veloc - 
ity for post-shock emission ((Donita fc SutherlandllT995|l . 
The shock speed must be at least 30 km s~^ to pro- 
duce significant [N I l j, [S II] and [O II ] emissions (e.g.. 
iHartigan et"al] Il994t iBlair et all 12000(1 . Based on the 
Blair et al. (2000) shock models, shock speeds above 
about 500 km will ionize the oxygen to the helium- 
like ionization state and higher, reducing the cooling rate 
by an order of magnitude. If the outer portions of the 
SNR are roughly in pressure equilibrium, the density is 
proportional to v^^, further reducing the cooling rate 
behind fast shocks. Consequently, shocks above about 
500 km s~^ will have cooling times longer than the age 
of Cas A, and will appear as X-ray rather than optical 
emission features. Thus the observed knots have been 
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decelerated by 30 to 500 km s^^, or 0.3 to 5% of their 
'-^^10,000 km s^^ apparent speeds. This corresponds to 
an error in convergence time of 0.003 to 0.05 times 320 
yr, or 1 to 15 yr, well within the 19 yr uncertainty in the 
convergence time of the least decelerated northern limb 
knots. 

We conclude that our convergence times estimates are 
not likely to be significantly affected by knot deceler- 
ation. Therefore, while the seemingly less decelerated 
knots located along the remnant's northern limb suggest 
an explosion date somewhat later than 1670, overall the 
measurements arc still consistent with a possible sighting 
of the Cas A SN in 1680. Follow-up ACS imaging obtain 
in a few years may be able to settle this issue more defi- 
nitely through a firmer estimate of the date for the Cas 
A supernova outburst. 
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14000 km/s 



Fig. 1. — The 1 Msec Chandra image of Cas A with the locations of the 1825 identified outer ejecta knots IHammell Hi Fesenll2003) 
marked color coded by their emission properties. Red open circles indicate knots with strong [N II] line emission, green open circles knots 
strong [O II] emission, and blue open circles strong [S II] FMK-like outlying knots. 
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Fig. 2. — Top: Plot of extrapolated 320 yr proper motions for the 1825 identified outer knots based on actual proper motions measured 
using the Ma rch and December 2004 A CS/WFC data. Central white circle has a radius of 5" and marks the remnant's estimated center 
of expansion IThorstensen e t al."2001"l. Bottom: Plot of 1825 outer knot positions and their expected motions away from the remnant's 
known center of expansion revealing a 'bow-tie' asymmetric structure. Circle represents the radial distance of 200" corresponding to a 
measured proper motion of 0''65 yr~^ and thus an implied 10,000 km transverse velocity at the assumed remnant distance of 3.4 kpc. 
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Fig. 3. — Left Panel: Plot of extrapolated 1670 epoch positions for 1825 outer ejecta knots relative to the IThorstensen et al.l 120011) 
estimated center of expansion (COE) marked by the grey (red) circle (radius = 5") centered on a(J2000) = 23'^23™23=.77, 5 = 50°48'49y4. 
The scatter of points is centered 3"4 from the COE. Right Panel: Same as for the left panel except that knots located along the east and 
west limbs of the remnant have been removed, leaving 416 north and south knots. The scatter of these knots is centered 5'.' 2 from the COE. 
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Fig. 4. — Left Panel: A 2001 STIS HST image of the central region of Cas A near the X-ray Point Source (XPS) with the lThorstensen et"aT] 
J2TO1^ expansion center marked (a[J2000] = 23'^23™27?77 ± 0:05, 5[J2000] = 58°48'49'.'4 ± 0'.'4) along with the XPS's current position 
(a[J2000] = 23'^ 23™ 27= 943 ±0! 05, (5[J2000] = 58°48'42y51±0'.'4) as derived from Chandra image data (see Feson. Pavlov. & Sanwal 2006). 
The circles marking these positions are 1" in diameter. The separation between the remnant's estimated expansion center and the XPS' 
current position is 7"0 ± 0''8 with an implied motion in a southeasternly direction (position angle = 169° ± 8.4°). Right Panel: Same plot 
as shown in the bottom panel of Figure 2 but now showing the apparent motion of Cas A's XPS in the direction of the southern gap of 
high-velocity, outer ejecta knots. 
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Fig. 5. — Left Panel: Plot of catalog knot identification number (ordered in position angle) with the date of closest approach to remnant's 
estimated center of expansion (COE). Symbol size is inversely proportional to estimated proper motion uncertainty. Right Panel: Same as 
for the left panel but now showing date of closest approach to the COE for 72 selected knots with hand-measured proper motions. Dashed 
line marks the estimated 1671 convergence date derived bv IThorstensen et al.l {20011 . 



